Aims: Nodal expression of the carcinoembryonic antigen (CEA), cytokeratin 20 (CK20), and guanylyl cyclase C (GCC) genes was measured in tandem in patients with colorectal cancer (CRC) to assess whether there would be sufficient agreement between these markers in their ability to detect micrometastasis to qualify one of them as a universal marker, and whether frozen and paraffin wax embedded tissues would yield similar results. Methods: One hundred and seventy five frozen lymph nodes (FT) and 158 formalin fixed, paraffin wax embedded lymph nodes (PET) from 28 CRC cases were analysed using gene specific quantitative real time polymerase chain reaction, carried out on the LightCyclerH system with SYBR Green chemistry. Results: There was significant disparity in positive detection of the three biomarkers in FT versus PET, with notable agreement achieved only for CEA (66.6%) in FT versus PET in Dukes' B disease, and between CK20 and GCC (44.6%) in FT, also in Dukes' B disease. One patient with full concordance in all three tumour markers with both tissue types suffered a relapse and died within two years of follow up. Conclusions: There was considerable discordance in the positive detection of the three tumour markers in both tissue types (FT versus PET). This brings into question whether using a single tumour marker to detect micrometastasis in one tissue type (FT or PET) is adequately representative, and challenges the concept of universal markers for molecular CRC metastatic detection. Multiple tumour markers would predict more accurately the metastatic potential of Dukes' B CRCs. C olorectal cancer (CRC) is the third leading cause of cancer and cancer related mortality worldwide, with a strong association between lymph node (LN) metastases and poor outcome. However, a large proportion (30-40%) of patients with histologically negative tumours often suffer recurrence after surgery, presumably as a result of undetected, disseminated micrometastases at the time of diagnosis. [1] [2] [3] Because surgery and adjuvant chemotherapy are the standard of care for Dukes' C CRC but not for Dukes' B disease, better assessment of prognosis in patients with Dukes' B CRC could allow the selective use of adjuvant treatment in some and prevent unnecessary treatment in others. 4 In this context, immunohistochemistry has shown a lack of reproducibility and an inability to provide quantitative data. 5 Even if serial sectioning and immunohistochemical staining can detect occult micrometastases in up to 25% of node negative patients, this would be too cumbersome and costly to be practised on a routine basis. 6 This limitation has resulted in the extensive evaluation of reverse transcriptasepolymerase chain reaction (RT-PCR) based assays as routine clinical tools in diagnostic pathology. However, we have shown how the intrinsic variability in the applied methodology has prevented meaningful comparison of the results from different laboratories. 7 Arguably, the use of quantitative real time PCR (R-PCR) may help to resolve these problems by providing a more sensitive, reliable, and measurable detection of disseminated cancer cells in CRC, because R-PCR has several advantages over other traditional PCR strategies. [8] [9] [10] In the R-PCR system, mRNA expression is quantified during the logarithmic phase of PCR amplification, which provides a more reliable method of gene quantification. In addition, the fluorescence detection system of R-PCR is more sensitive than conventional ethidium bromide staining and no post-PCR procedure is required.
''Better assessment of prognosis in patients with Dukes' B colorectal cancer could allow the selective use of adjuvant treatment in some and prevent unnecessary treatment in others''
We developed an R-PCR assay on the LightCyclerH system (Roche Molecular Systems, Indianapolis, Indiana, USA), one of several highly automated, rapid, and high throughput R-PCR systems, to detect the expression of mRNA encoding carcinoembryonic antigen (CEA), cytokeratin 20 (CK20), and guanylyl cyclase C (GCC) as a surrogate for occult metastases of CRC affected lymph nodes. CEA, a well established tumour marker, is expressed in most gastrointestinal cancers and has been widely used to monitor and detect early relapse in patients with CRC. 3 11 CK20 is highly expressed in gastric and intestinal epithelium and appears to be relatively specific for gastrointestinal tract adenocarcinoma. 12 GCC, a receptor that mediates fluid and electrolyte secretion, 13 is only expressed in mucosal cells lining the intestine, from the duodenum to the rectum, but is absent in other extraintestinal tissue. As such, GCC may be a unique biomarker for metastatic CRC. 14 We tested both formalin fixed, paraffin wax embedded material and frozen material obtained from the same LN of patients with CRC. We distinguished baseline constitutional expression from cancer specific expression of these markers by generating a cutoff value for each marker in each type of tissue, and studied the effects of applying the results generated from these R-PCR based quantitative assays to the potential molecular re-staging of Dukes' B CRC.
MATERIALS AND METHODS

Cell lines
We purchased the DLD-1 cell line, derived from human colorectal adenocarcinoma with epithelial morphology, from the American Type Culture Collection (ATCC, Manassas, Virginia, USA).
Patients and tissues
The experimental design is similar to the one reported previously. 7 Briefly, we studied a total of 220 LNs from 28 consecutive patients with CRC (two Dukes' A, 11 Dukes' B, 15 Dukes' C) from our diagnostic routine workload. The nodes were sampled in the fresh state immediately after surgery. Half of each resected LN was snap frozen at 2152˚C, and the other half was fixed for 24 hours in 10% formalin and embedded in paraffin wax (each LN individually). There were 35 extra frozen LNs without corresponding paraffin wax embedded material from 13 patients because the paraffin wax embedded tissue (PET) had been fully used for diagnostic purposes before the molecular study was carried out. In six other patients, there was insufficient frozen tissue (FT) for successful PCR amplification, resulting in an extra 18 paraffin wax embedded nodes being available for study, with no frozen equivalents. An important aspect of our study design was the inclusion of appropriate controls. We incorporated both frozen and paraffin wax embedded material from nine LNs taken from patients diagnosed with diverticulitis and no history of cancer, to serve as negative control samples. We also included the histologically positive LNs from patients with Dukes' C CRC (again, both FT and PET nodal tissues from these patients) and the DLD-1 cell line as positive controls.
RNA extraction
The Paraffin Block RNA isolation kit (Ambion Inc, Austin, Texas, USA) was used to extract RNA from paraffin wax embedded LNs. Total RNA was extracted from frozen LNs with Tri ReagentH (Molecular Research Center Inc, Cincinnati, Ohio, USA), according to the manufacturer's recommended protocol. DNase I treatment was incorporated to eliminate genomic DNA contamination of the RNA extract. Total RNA from the DLD-1 CRC cell line was isolated in a similar manner to serve as a positive control for the cDNA synthesis and R-PCR steps.
RT-PCR
RT-PCR was performed using the Advantage TM RT-PCR kit (Clontech Laboratories, Palo Alto, California, USA). The optimal RT-PCR was carried out in a reaction consisting of 8 U of Moloney murine leukaemia virus reverse transcriptase, Figure 2 Standard curves for CEA, CK20, and GCC mRNA estimation, constructed by plotting the crossing point cycle numbers against the log concentrations of DLD-1 cells. The expression of (A) CEA, (B) CK20, and (C) GCC mRNA for patient samples was calculated with reference to the appropriate curve. MSE, mean square error; h r, regression.
Moloney murine leukaemia virus buffer, 4 pmol/ml of random hexamers, 0.5 mmol/litre of dNTPs, 10 nmol/litre of dithiothreitol, 1.2 U/ml of RNase inhibitor, and 1 mg of total RNA, made up to 25 ml with diethyl pyrocarbonate treated water. Reaction tubes were incubated at 70˚C for five minutes, 42˚C for 60 minutes, and 95˚C for 5 minutes.
A separate RT-PCR run for the nodal expression of the housekeeping abl gene, 15 which serves as an internal control for the RNA extraction and cDNA synthesis steps, was carried out.
Quantitative R-PCR R-PCR was carried out using SYBR Green I chemistry and the LightCycler Instrument. We used SYBR Green I chemistry rather than hybridisation probes to gain the additional flexibility for parallel (simultaneous) validation of several genes.
R-PCR amplification was carried out in 10 ml of reaction mixture consisting of 0.5 mmol/litre of primer pairs, as described in our previous study.
7 [16] [17] [18] Template cDNA (1 ml) was added to the reaction mixture (LightCycler FastStart DNA Master SYBR Green I; Roche Diagnostics GmbH, Mannheim, Germany), which contained FastStart Taq DNA polymerase, reaction buffer, dNTP mix (with dUTP instead of dTTP), SYBR Green I dye, FastStart enzyme, and 3 mmol/litre MgCl 2 for the CEA and GCC reaction or 4 mmol/litre MgCl 2 for the CK20 reaction.
The emitted fluorescence was captured and analysed using the LightCycler analysis software version 3.5. The crossing points (Ct), the beginning of the exponential phase during amplification cycles for each reaction, were determined by the second derivative maximum algorithm and arithmetic baseline adjustment.
The PCR amplified products were differentiated by analysing the melting curves, the shapes of which are a function of the GC content, length, and sequence of the amplified gene fragment. During the initial optimisation of our R-PCR assays, PCR amplified products were subjected to gel electrophoresis and the amplicon identity was confirmed by sequence analysis on the ABI PRISM TM 377 DNA sequencer (Applied Biosystems, Foster City, California, USA).
A standard curve was prepared from 10-fold serial dilutions of cDNA prepared from the CEA, CK20, and GCC mRNA expressing DLD-1 cancer cells, by plotting the relation between the Ct and the logarithm of copy numbers of amplified products. Five standards (serial dilutions) and a negative control without template were included in each run. The copy numbers of each sample for each nanogram of RNA were extrapolated from the linear standard curve and the Ct values of each sample.
To determine the sensitivity of our CEA, CK20, and GCC specific R-PCR, cell dilutions were prepared by diluting DLD-1 cells with normal peripheral blood mononuclear (PBMN) cells from a healthy donor as follows: 1/1000, 1/10 000, 1/ 100 000, 1/1000 000, and 1/10 000 000. Capillary reactions containing only DLD-1 cells or PBMN cells were included in the run to serve as positive or negative controls. Extra positive and negative controls included histologically positive lymph nodes from patients with Dukes' C disease and negative lymph nodes from patients with no malignancy (diverticulitis), respectively.
Statistical analysis
Fisher's exact test and the binomial test were performed to measure the correlation between the different tumour markers and tissue types. All analyses were performed using the SPSS 11.0 program, with significance set at p , 0.05.
RESULTS
Agarose gel electrophoresis, sequencing, and LightCycler melting curve analysis of the amplified products showed the correct sizes, sequences, and melting patterns for the three markers. Carryover contamination was minimised because no post-amplification procedure is needed. The sensitivity of the real time fluorescence PCR assays is: one copy of a CEA expressing cell in a background of 10 7 copies of PBMN cells; one copy of a CK20 expressing cell in a background of 10 6 copies of PBMN cells; and one copy of a GCC expressing cell in a background of 10 5 copies of PBMN cells (fig 1) . The CEA, CK20, and GCC mRNA values were Patient Log relative expression level Figure 4 The relative expression of CEA, CK20, and GCC in fixed lymph nodes from patients with Dukes' B and C colorectal cancer. calculated with reference to the respective standard curve for each marker, in which the slope for linear regression was consistently less than 4.0, indicating high PCR amplification efficiency (. 89%) (fig 2) . Table 1 provides a summary of patient data analysed by CEA, CK20, and GCC specific R-PCR and the relative degree of expression of the positive samples is tabulated in figs 3 and 4 for frozen and fixed tissues, respectively. At the outset, a total of 28 CRC cases from 28 patients (two Dukes' A, 11 Dukes' B, and 15 Dukes' C) were recruited for our study. Fifty eight (48 PET, 10 FT) nodes in which the abl gene (included as an internal control) was not amplified were subsequently excluded from the database to eliminate false negative results. The experimental data obtained from the remaining 164 frozen LNs (94.3%) and 116 fixed LNs (70.7%) from these 28 cases, which confirmed that both RNA extraction and R-PCR amplification were successfully carried out, were retained in the database for statistical analysis.
None of the LNs from patients with Dukes' A disease showed amplification of the GCC fragment. For CEA and CK20, the maximum expression values seen in Dukes' A LNs (minimally invasive carcinomas with no obvious LN metastases) for both frozen and fixed tissues were used as cutoff values for the appropriate tissue type, and any values above the highest Dukes' A LN value were considered positive, to distinguish between baseline constitutional expression and cancer specific expression, thus minimising false positive results. Table 2 shows the results of Dukes' B and C cases with gene expression values above the cutoff values.
CEA mRNA was detected in the frozen LNs of six of nine patients with Dukes' B and in all patients with histologically positive Dukes' C disease. For the fixed LNs (PET), four of 11 patients with Dukes' B and 14 of 15 with Dukes' C disease showed positive amplification of CEA amplicons, indicating a high sensitivity for our assay. CK20 was detected in the frozen LNs of four of nine patients with Dukes' B and 10 of 13 with Dukes' C disease, and in the fixed LNs of three of 11 patients with Dukes' B and 10 of 15 with Dukes' C disease. GCC mRNA was detected in the frozen LNs of three of nine patients with Dukes' B and 11 of 13 with Dukes' C. In comparison, the fixed LNs of three of 11 patients with Dukes' B and seven of 15 with Dukes' C disease showed positive amplification of GCC amplicons.
Our results indicate that seven of 11 patients with morphological Dukes' B disease showed the presence of CEA mRNA transcripts in their LNs (that is, were R-PCR positive), either in FT or PET, whereas five of the 11 patients with Dukes' B disease were GCC or CK20 R-PCR positive either in FT or PET, or both. Of the 11 patients with Dukes' B disease, one patient (number 7) who was positive for all tumour markers with both tissue types suffered a relapse and died within two years of follow up.
Statistical analysis showed that strong associations between the Dukes' classification and our R-PCR results were seen only for CEA in PET and FT (Fisher's exact test, p = 0.001 and p = 0.002, respectively) and GCC in FT (p = 0.012). There were either no significant associations, or only weak associations, between the Dukes' classification and the results for CK20 both in PET and FT (Fisher's exact test, p = 0.076 and p = 0.114, respectively) and for GCC in PET (p = 0.395). The binomial test showed that there was significant discordance between the positive rates for the different tumour markers examined in the different tissue types (table 1) . The only significant correlation between FT and PET was for the CEA marker in patients with Dukes' C disease.
DISCUSSION
The detection of micrometastases in regional LNs by a molecular method has been shown in some previous studies to identify patients with Dukes' B disease who could benefit from adjuvant treatment. 3 In CRC, patients within a given tumour stage display considerable prognostic heterogeneity, 5 because they appear to be phenotypically and genotypically heterogeneous. Thus, it is generally believed that multiple genetic factors are involved in the pathogenesis of metastases, so that multiple tumour markers applied to the same tissue may be required. 19 The sensitivity of a single mRNA marker in the detection of metastases by RT-PCR may be inadequate because of tumour heterogeneity in gene expression. 20 21 Thus, we took advantage of the fact that CEA, CK20, and GCC are expressed constitutively in normal colon mucosa and most CRCs, but show relatively low expression in lymphatic tissue, 22 to develop a R-PCR based molecular assessment of tumour stage using all three biomarkers.
Because traditional RT-PCR technology is at best semiquantitative, it has been difficult to differentiate between baseline gene expression in normal tissues and the increased gene expression associated with cancer, raising the concern of false positive results. [23] [24] [25] ''Normal'' baseline expression has been reported in the analysis of CEA 24 and CK20. 26 This is the rationale behind the determination of the threshold values of constitutive expression of these markers, or the development of quantitative techniques to distinguish between tumour specific gene expression and low level background transcription of such markers. 27 The phenomenon of illegitimate or ectopic transcription of CEA and CK20 mRNA in our Dukes' A LNs at low, constitutive values supports the difficulty of interpreting the expression profiles determined by conventional RT-PCR, and demonstrates the potential new information that quantitative R-PCR analysis can provide.
Several studies have shown that the gel electrophoresis based RT-PCR assay has a high sensitivity for detecting disseminated micrometastases of CRC to regional LNs. Waldman and colleagues 28 reported that GCC mRNA was detected in LNs from one third of patients with Dukes' B CRC and from all patients with Dukes' C CRC. Similarly, in a study by Cagir et al, 29 GCC was detected in the LNs of 10 patients with stage II disease who developed recurrent disease up to three years after diagnosis. Our data confirm the ability of GCC specific PCR to detect the presence of micrometastases. In addition, our quantitative R-PCR assay focuses on the quantification of disseminated cancer cells in dissected LNs of CRC to provide a more sensitive and reliable measurement. The potential of quantitative PCR and the improvement it provided compared with conventional RT-PCR for the detection of occult lymph node metastases has been demonstrated in oesophageal cancer 30 and during intraoperative assessment of sentinel lymph nodes. 31 ''Biomarkers that have been accepted as universal metastatic markers for a given tumour are expressed differently, and this may be related to the clonal selection that takes place in the primary carcinoma when cells are entering the metastatic cascade''
The main conclusion of our study is that different metastatic biomarkers can give different results when applied to the same material, and that the same biomarker can give different results when applied to differently processed tissues. From a biological viewpoint, this observation indicates that biomarkers that have been accepted as universal ''metastatic markers'' for a given tumour are expressed differently, and this may be related to the clonal selection that takes place in the primary carcinoma when cells are entering the ''metastatic cascade''. In other words, markers that are faithfully represented in the original tumour may not be expressed by the small number of malignant cells that initiate the micrometastasis process. More importantly, this biological variability has a clear consequence for those assays that aim to use the detection of micrometastases in the clinical setting, because it is clear now that a ''metastatic biomarker'' may not be accurate just because it is detectable in the primary neoplasm. Indeed, our results support those who advocate a multimarker approach to micrometastases 10 31 or minimal residual disease detection, 11 and lend further credence to the idea that no universal metastatic marker can be presumed for CRC. The discrepancy of results between PET and FT is another important clinical observation. Our data suggest that it cannot be presumed that formalin fixed PET is a reliable support for quantitative PCR detection of small numbers of metastatic malignant cells (table 1) . We showed that the quality of the mRNA extracted from PET could alter the efficacy of any tumour marker in the detection of micrometastases. As would be expected, mRNA preservation was better in the frozen material, and we detected the presence of CEA, CK20, and GCC in a larger number of frozen LNs than fixed LNs. Our results show that measures to enhance RNA preservation in archival tissues must be carefully considered when developing a sensitive, specific, and reliable R-PCR detection assay.
We also found that some LNs with morphological evidence of metastasis (Dukes' C) did not show expression of certain biomarkers. In the FTs, this could perhaps be explained by the fact that metastases were only present in the half of the LN that was fixed and paraffin wax embedded for routine diagnosis and were absent from the FT sample. Incidentally, all the Dukes' C cases were thoroughly reviewed by two pathologists and the tumour was found in all the paraffin wax blocks labelled as positive LN metastases. The fact that the PCR amplification of the housekeeping internal control gene (with a base pair size similar to the PCR product of the biomarkers) and the positive cell line control worked well indicates that this discrepancy cannot be attributed to technical reasons.
One patient with Dukes' B disease (patient 7, table 2), in whom all three metastatic biomarkers were present in both tissue types, suffered a relapse and died within two years of follow up. However, our patients were all too recently diagnosed to allow a reliable correlation of the longterm survival rate among the prognostically heterogeneous patients with Dukes' B disease. The accumulation of data for a larger sample size and a longer follow up period is planned to enhance the clinical value of our study.
In summary, our study highlights the complexity of gene expression in microscopically occult LN metastases. It appears that, with the current state of the art technology, the discrepancy between the biomarkers most frequently used in the literature is too great to validate the clinical relevance of any single marker assay in the routine diagnostic setting for this purpose. The search for more promising, Take home messages N We assessed the nodal expression of the CEA (carcinoembryonic antigen), CK20 (cytokeratin 20), and GCC (guanylyl cyclase C) genes in patients with colorectal cancer (CRC) and found considerable discordance in the positive detection of the three putative tumour markers N We also found variability in results using either frozen or paraffin wax embedded tissues N This suggests that using a single tumour marker and one tissue type (either frozen or paraffin wax embedded) may not be adequate to detect micrometastasis, and challenges the concept of universal markers for molecular CRC metastatic detection N Multiple tumour markers would predict more accurately the metastatic potential of Dukes' B CRCs cancer specific biomarkers (for example, gene hypermethylation status) 32 is needed to establish further the clinical usefulness of the detection of microscopically occult nodal micrometases by molecular methods.
